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AN INTRODUCTION 
TO WIDEBAND AERIALS 


In order to obtain a clear picture of the characteristics and properties 
of wideband aerials it is necessary first to consider (a) the distribution of 
voltage and current (and hence the distribution of electric and magnetic 
fields): on short lengths of transmission line, (b) the impedances presented 
by these lengths of line, and (c) the conditions necessary to obtain effective 
radiation from a radiating system. 


Transmission Lines 


The simplest transmission line consists of two round wires separated 
by a uniform distance which is small compared with the wavelength in use. 
If the separating distance is not small in comparison with the wavelength, 
the line will act as an aerial and power will be lost in radiation. When the 
wires are close, mutual cancellation of the radiation field takes place because 
the effect on one wire of a change of current in the other wire is instantaneous. 

In a balanced two-wire line, each wire being of exactly the same length, 
the currents will be in push-pull, that is to say, at any given distance from the 
generator connected to the sending end of the line, the instantaneous current 
in one wire will be equal in magnitude but opposite in direction to the 
instantaneous current in the other. The voltages to earth from each wire 
will also be equal in value but of opposite polarity. 

Consider a two-wire balanced line of variable length connected to a 
resistance load, R,, variable in value from zero to infinity, and assume that 
the line losses due to radiation, resistance and leakage are negligible. 
Imagine that the line is connected to a r.f. generator of fixed frequency. 
We wish to know the order of the impedance presented to the generator 
by the line and load, and also the distribution of voltage and current along 
the line when the length is varied. With a line of zero length, the impedance 
presented to the generator will obviously be that of the load itself. 

Let us now make the length of the line finite but small (less than a 
quarter-wavelength). See Fig. l(a). With R, set to infinity, the only path 
for current to flow in the circuit is through the capacitance between the two 
wires, and the magnitude of the current will decrease towards the load ; 


1 


TRANSMISSION LINES 


at the load terminals no current will flow but there will be a voltage across 
the wires. 

Although the inductance and capacitance of the line are distributed 
along its length, it is easier and, within the limits of this simple explanation, 
justifiable to consider the inductance as lumped and acting where there is 
maximum magnetic flux (i.e., maximum current) and also the capacitance 
where there is maximum electric stress (i.e., maximum voltage). Referring to 
Fig. I(a), since R, is infinite the current through it is zero and magnetic 
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(9) (b) 
Fig. |. (a) Open-circuited Two-wire Balanced Transmission Line of Length less 


than a Quarter-wavelength, (b) Impedance-equivalent Circuit 


flux is also zero. On the other hand voltage and electric stress are maximum. 
We must, therefore, place our equivalent capacitance at the load and our 
equivalent inductance between load and generator as shown in Fig. 1(b). 
A length of line less than a quarter-wavelength will present a capacitance 
in the same manner as a series-tuned circuit below resonance. 

If the line is extended still further, the inductance and capacitance 
will both increase and at some point the inductive reactance will equal the 
capacitive reactance and series resonance will occur. This takes place when 
the length of the line from the load terminals is equal to a quarter-wavelength 
at the applied frequency. See Fig. 2. The impedance presented to the 
generator by an open-circuited quarter-wavelength line is therefore zero, 
which is the same as a short circuit. 

Again let us connect the original length of line to the load but this 
time set R, to zero. See Fig. 3(a). There can obviously be no electric 
stress across the load terminals but current will flow setting up lines of 
magnetic force; inductance may, therefore, be lumped at this point. As 
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Fig. 2. (a) Open-circuited Two-wire Balanced Transmission Line of Length equal 
to a Quarter-wavelength, (b) Impedance-equivalent Circuit 


(a) (o) 


Fig. 3, (a) Short-circuited Two-wire Balanced Transmission Line of Length less 
than a Quarter-wavelength, (b) Impedance-equivalent Circuit 
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we proceed from the load (a short circuit) to the generator, a voltage will 
build up across the inductive reactance and electric lines of stress will 
appear ; we may, therefore, lump the capacitance at the generator terminals. 
See Fig. 3(b). A length of short-circuited line less than a quarter-wavelength 
will present to the generator a pure inductive reactance in the same manner 
as a parallel-tuned circuit below resonance. 

If the line length be increased to a quarter-wavelength, Fig. 4, parallel 
resonance will take place and the impedance presented to the generator will 
be very high indeed ; in fact, practically an open circuit. 
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Fig. 4. (a) Short-circuited Two-wire Balanced Transmission Line of Length 
equal to a Quarter-wavelength, (b) Impedance-equivalent Circuit 


It will now be seen that by changing the value of R, from infinity to 
zero on a quarter-wavelength line, the load impedance presented to the 
generator changes from zero to infinity. With a line less than a quarter- 
wavelength and R, set at infinity a capacitance is presented, and with R, 
set at zero an inductance is presented. 

Now, with R, set at a certain critical value the inductance and capacit- 
ance of the line cannot be regarded as lumped at any particular point (even 
for the purpose of this simple explanation), for the current and voltage on the 
line are such that the magnetic flux and electric stress are evenly distributed 
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along the line, and each increment of inductance, however small, is cancelled 
out by an equivalent increment of capacitance. This means that mutual 
cancellation takes place when the energy stored in the magnetic field over 
this small increment is equal to the energy stored in the electric field over 
the same increment, that is to say, when 


4LI2, joules = 4CV? joules 
where Z = inductance in henrys per unit length of line 
and C = capacitance in farads per unit length of line. 


CURRENT 
VOLTAGE 


(>) 


Fig. 5. (a) Two-wire Balanced Transmission Line Terminated by a Resistance 
equal to Z,, (b) Impedance-equivalent Circuit , 


From the above equation it follows that 
VII = Y(L/C) 

It follows that if a particular line is terminated by a resistance R, 
equal in value to +4/(L/C) the ratio of voltage to current will be such that 
energies stored in the electric and magnetic fields all along the line will be 
equal and cancellation of reactance takes place. The impedance presented 
to the generator will be a resistance equal in value to +/(L/C) whatever 
the length of line and the line in this condition is said to be matched. 
The value +/(L/C) is known as the characteristic impedance, Z., of the line 
and the maximum values of current and voltage will be the same at any 
point on the matched line between the generator and the load. See Fig. 5. 
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Provided that the constants of the line and the terminating resistance 
R, (equal to Z,) do not change with frequency then the impedance presented 
to the generator will not change with frequency. The characteristic imped- 
ance of a two-wire line is dependent upon the thickness and spacing of the 
conductors. A thick conductor has less inductance and more capacitance 
for a given length than a thin one, and a reduction in the spacing of the 
separate conductors gives less inductance and more capacitance. Thus an 
increase in wire diameter and a reduction of the spacing both reduce Zp. 

If a line is terminated by an impedance other than a resistance equal 
to Zo, the impedance presented to the generator will vary with the length 
of feeder and also with the frequency. This characteristic impedance Z> 
can be considered as a reference impedance between zero and infinity and 
when the load resistance is greater than Z, we can consider the line as 
tending towards an open circuit. Hence, the series-equivalent circuit of 
Fig. 8(b) will apply. Conversely when the load resistance is less than Z, 
we can say that the line tends towards a short-circuit condition and the 
parallel-equivalent circuit of Fig. 6(b) applies. 


Fig. 6. (a) Two-wire Balanced Transmission Line of Length less than a Quarter- 
wavelength and Terminated by a Resistance less than Z,, (b) Impedance-equivalent 
Circuit 


Returning to our original generator, feeder and variable resistance R,, 
when R; is less than Z,, thus tending to short-circuit the line, the section of 
the line will present an inductive impedance until its length again reaches a 
quarter-wave when it will present a pure resistance greater in value than 
Zo. See Figs. 6 and 7. 

The quarter-wave section with R, less than Z, may be drawn as a 
parallel-tuned circuit with the resistance R, in series with the inductance. 
See Fig. 7(b). Such a circuit would present a resistance of value L/CR, and 
since L/C = Z,? the quarter-wave section will convert the load resistance 
into a resistance of value Z,?/R,. 
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Fig. 7. (a) Two-wire Balanced Transmission Line of Length equal to a Quarter- 
wavelength and Terminated by a Resistance less than Z,, (b) Impedance-equivalent 
Circuit 
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Fig. 8. (a) Two-wire Balanced Transmission Line of Length less than a Quarter- 
wavelength and Terminated by a Resistance greater than Zo, (b) Impedance- 
equivalent Circuit 
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If R, is greater than Zo, it tends to open-circuit the line and the section 
of the line will present a capacitive impedance (see Fig. 8), until its length 
reaches a quarter-wave when it will again present a resistance but this time 
less in value than Z, and again equal to Z,2/R,. The equivalent circuit is 
that of Fig. 9(b) and it is clearly Fig. 7(b) with the generator and load posi- 
tions reversed. Since the resistance looking in at the generator terminals 
of Fig. 7(b) is R = Z,?/R, we could equally well write R, = Z,?/R and this 
would then give us the circuit of Fig. 9(b). Thus we can say that the 
impedance looking in to line in Fig. 9(b) is Z,?/R, where R, is the load 
resistance. The resistance will tend to short circuit the line and we have a 
repetition of the condition outlined in the first example when R, < Zp. 


<< [4 - 


(0) 


<a 
Zo/Rr > 


(b) 


Fig. 9. (a) Two-wire Balanced Transmission Line of Length equal to a Quarter- 
wavelength and Terminated by a Resistance greater than Zo, (b) Impedance- 
equivalent Circuit. 


It can now be seen that all along the line between R, and the generator, 
impedance transformations will occur if the line is terminated by an imped- 
ance not equal to Z,. Impedance values will be repeated every half wave- 
length as shown in Fig. 10, which illustrates an example of a line terminated 
by R, < Zo. When power is supplied from the generator, maximum current 
will flow with minimum voltage at the low-resistance points, and minimum 
current at maximum voltage will occur at high-resistance points. The ratio 
between the maximum and minimum currents (or voltages) is called the 
standing-wave ratio. 

It is convenient to express the length of a line in degrees or radians and 
this may be done in the following manner :— 
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length x 360° . 
“wavelength = electrical length in degrees 
length 2 

a Se electrical length in radians. 
wavelength 


The general formula for finding the impedance presented by a line of 


STANOING WAVES OF VOLTAGE CURRENT 
CURRENT & VOLTAGE 
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Fig. 10. Current and Voltage Distribution and Impedance Transformation along 
a Transmission Line of Length greater than a Quarter-wavelength and Terminated 
by a Resistance less than Z, 


characteristic impedance Z,, whose electrical length is @, terminated by 
any impedance Z,, is as follows :— 


Z, + Z, tan 6 
A= 2 er) ste ae as (1) 


where Zg = impedance presented. If Z, is complex it must be expressed in 
the form R, + 7X. 
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When Z, = 0 (1.e., the line is short circuited) 
= +72, tan 0 oo as ee * 42) 


To determine the value of Z, when Z, is infinite it is best to divide the 
numerator and denominator of the right-hand expression of equation (1) 
by Z,; we then have 


7 1 +(4Z,/Z;) tan @ 
ee 2 ae tan ; Se, dae cede. 0) 


‘When Z, = infinity (i.e., the line is open-circuited), 
Ze = -- jZo cot 6 aor oes eee (4) 
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Fig. |}. Reactance of Short-circuited and Open-circuited Transmission Lines 
plotted against Electrical Length. Curves drawn for Lines of 600-ohms and 100- 
ohms Characteristic Impedance 


Curves showing change of reactance with electrical length are given 
in Fig. 11, for short- and open-circuited lines of Z, equal to 600 ohms and also 
100 ohms. It will be noticed that the slope of the reactance curves depends 
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on Zo. We shall see later that this has important bearing on the design of 
wideband aerial systems. 

It will also be seen from Fig. 11 that for short-circuited lines of length 
6 = 90°, and open-circuited lines of length @ = 180° (and, of course, 6 = 0°), 
the reactance is infinity, and that the slope in terms of reactance is un- 
manageable in these regions ; curves have therefore been drawn in Fig. 12 
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Fig. 12. Susceptance of Short-circuited Transmission Lines plotted against 
Electrical Length. Curves drawn for Lines of 600-ohms and |00-ohms Character- 
istic Impedance 


showing susceptance changes in millimhos for short-circuited lines. It 
will be appreciated that although reactance and susceptance values have 
been plotted with respect to electrical length, curves of similar shape would 
be obtained if reactance and susceptance were plotted with respect to fre- 
quency, for changes in frequency necessarily involve proportional changes 
of electrical length. 

As yet, only two-wire lines have been mentioned but most of the effects 
described occur with all types of r.f. lines including unbalanced concentric 
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tubes. The main differences are the configurations of the magnetic and 
electrical lines of force. The approximate field patterns for two-wire and 
concentric-tube lines are shown in Fig. 13. An alternating magnetic field 
can only exist tangentially to a perfectly conducting surface and lines of 


MAGNETIC ee 
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Fig. 13. Approximate Field Patterns for (a) Two-wire Balanced Transmission 
Line, (b) Concentric-tube Unbalanced Transmission Line 


electrical force must impinge at right angles on any such surface; also all 
lines of force must be terminated, and magnetic and electrical lines cross at 
right angles. The magnetic fields of a two-wire line surround each conductor, 
but with concentric tubes the magnetic field surrounds the centre conductor 
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only, provided the line acts purely as a feeder and that the outer conductor 
has zero potential to ground at all points. 


Radiation 

In circuits where element spacing is small in comparison with wave- 
length the effect of current and voltage changes may be regarded as instan- 
taneous. For instance, lines of electric force between the plates of a capacitor 
are considered to reverse their direction instantaneously with reversal 
of polarity of voltage across the plates. Similarly, lines of magnetic force 
linking an inductance are assumed to reverse instantaneously with current 
reversal. These assumptions are justified for concentrated electric and 
magnetic fields when distances and time delays involved are small fractions 
of wavelength and period. 

Imagine that a low-loss tuned circuit, Fig. 14(a), is connected to a r.f. 
source of power by means of a small coupling coil, and that the circuit is 

Fig. 14. (a) Concentrated Circuit, 


(b) Expanded Circuit, (c) Impe- 
dance-equivalent Circuit of Ex- 
panded Circuit 
af co 


(c) (b) 


tuned to the same frequency as the source, then maximum voltage will be 
developed across the capacitor and maximum current will flow through it. 
Due to the concentration of the electric lines of force in the capacitor there 
will be no induced voltage in conductors, even a short distance from the 
capacitor. We also know that in order to couple inductively any circuit to 
the inductor, it is necessary to bring it quite close to the inductor ; this field 
of influence is termed the near zone. Power lost in the circuit will be used 
mainly in heating the inductor and capacitor. 
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Now suppose that the plates of the capacitor are moved apart until 
the distance between them is approximately half a wavelength, Fig. 14(b), 
and that the turns of the inductor are pulled out so that the inductor is 
still connected to the capacitor. It is conceivable that the circuit may still 
be tuned to resonance, for if necessary the inductor could be adjusted to 
maintain resonance. 

In a loss-free inductor or capacitor there is energy which is alternately 
stored and returned to the circuit. In order that the energy stored in the 
magnetic field may be returned to the circuit, all the lines of force created 
must collapse again into the inductor. 


A similar argument applies to the electric lines of force between the 
plates of a capacitor. When electric and magnetic fields are concentrated 
by close element spacing there is little loss of energy, but when the element 
spacings are increased so that the distances involved introduce. time delays, 
the lines of force do not return all their energy to the circuit. The lines of 
force cannot travel faster than the speed of light and by the time their 
reversal is accomplished the alternating source of power has created fresh 
lines of force, 

by the fundamental laws of like and unlike poles, the force lines are 
mutually repellant and the lines of force which have not time to return their 
energy to the circuit are detached and travel outwards from the source with 
the speed of light. This applies to magnetic and electric lines equally and 
both are detached; each exists by reason of the other, and the direction 
of their combined motion is at right angles to the electric and magnetic 
lines which are themselves perpendicular to each other. The displacement 
current in space is in time phase with the electric strain or potential ; there- 
fore, the magnetic and electric fields are in time phase. 

Thus is formed a train of electro-magnetic waves, flux lines existing 
in space, as though a potential existed and a current were flowing to 
create them. The wavefront presented by a train of electro-magnetic 
waves is generally considered to be polarised in the same direction as ‘the 
electric lines of force. In other words, if the elements of the source are so 
placed that the lines of eleciric force are vertical, the wavefront is said to 
be vertically polarised ; horizontal polarisation is similarly defined. 


It would be possible to couple a circuit inductively or capacitively to 
the expanded tuned circuit, but the effectiveness of such a coupling is 
proportional to the inverse square of the distance between the two circuits 
and consequently rapidly diminishes with distance. In this way the coupled 
circuit is influenced by those lines of force (electric or magnetic), which 
return energy to the expanded circuit, and if the coupled circuit is opened 
out in the same way as the original expanded circuit and is situated parallel 
with it, the coupled circuit will be influenced also by those lines of force which 
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travel into space; this field of influence is termed the tntermediate zone. 
If the coupled circuit is removed to such a distance that it is only influenced 
by the lines of force which travel outwards into space, it is then said to be 
in the far zone ; voltages will be induced and currents will flow in the expanded 
coupled circuit with an effectiveness which is proportional to the inverse 
distance and which consequently diminishes far less rapidly than in the 
inductively- or capacitively-coupled case. In fact any’ conductor, whose 
length is parallel with the expanded length of the tuned circuit will receive 
energy from the radiated wave, though the voltage and current will only 
be a maximum when the receiving circuit is tuned to the same resonant 
frequency as the sending circuit. 

The expenditure of energy from the sending circuit is equivalent to the 
dissipation of power in resistance. In its original state the tuned circuit 
was practically loss-free, but in its expanded state it radiates energy. This 
may be represented by inserting resistance in series with the equivalent 
tuned circuit, Fig. 14(c), of such a value, that with the same value of circu- 
lating current flowing, the same amount of power is dissipated as radiated 
in the expanded circuit. This equivalent resistance is referred to as the 
radiation resistance of the radiator, i.e., the expanded circuit, and it depends 
on the effectiveness of the circuit as a radiator. In actual fact when the 
circuit is expanded to nearly half a wavelength the circuit becomes just a 
straight conductor, the distributed inductance just tuning with the distri- 
buted capacitance. With the addition of supporting insulators (whose 
dielectric constant is always greater than that of air), forming lumped 
capacitance at each end of the conductor, the length for resonance is of the 
order of 0°465 wavelength, the exact value depending on the sectional area 
of the conductor and upon the frequency. 

The circuit described is therefore a centre-driven dipole in free space, 
the presence of the earth having been disregarded. 

The current distribution in this aerial obviously cannot be uniform for | 
practically no current can flow at the ends of the conductor. Distribution 
of voltage and current is shown in Fig. 15. 

In the equivalent tuned sending circuit, Fig. 14(c), the resistance R 
carries the full circulating current J, and the power will be JR. If, therefore, 
the radiation resistance is to be represented by R in the tuned circuit, the 
radiation resistance must be taken as the centre resistance of the dipole 
where maximum current flows. Although, in fact, radiation resistance is 
distributed over the length of the conductor it is always taken to be the value 
at the centre of a half-wave dipole, and the product of the square of the 
r.m.s., value of the current and the resistance at the centre gives the value 
of power radiated (losses being neglected). 


Thus if the magnetic and electric fields are expanded so as to produce a 
time delay in the return of energy to the originating circuit, radiation will 
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take place, and the radiation resistance is 
a measure of the degree of radiation. 
Radiation may be regarded as coupling to 


; free space and any factor which changes 

CURRENT J VOLTAGE that coupling will also change the radiation 
bv resistance. For instance, if the radiator 

f is totally enclosed by an earthed loss-free 


2 conducting screen, the radiation resistance 
< will drop to zero. 


The centre or radiation resistance of a 
half-wave dipole varies with height above 
ground and with distance from other con- 
ductors in the near or intermediate zones 
(it is unaffected by conductors in the far 
zone), but a normal working value is taken 
as approximately 70 ohms. 

' Now let us consider the gradual exten- 

sion of a vertical conductor from the 
terminal of a r.f. generator, the other 
terminal being earthed. With no con- 
ductor attached to the terminal, the 
impedance presented to the generator 
is obviously infinite, for no current can flow. With a very short conductor 
connected, a high capacitive reactance is presented (in a similar way to the 
gradually extended. feeder), but as the length of conductor is increased 
inductance will also be added, and radiation will take place, for there is 
no mutual cancellation as with the two-wire feeder. When the conductor 
is approximately a quarter-wavelength in length, the inductive and capaci- 
tive reactances cancel, the impedance is at a minimum and purely resistive, 
the circuit being similar to a series circuit at resonance. The resistance 
value is of the order of 35 ohms and approximately half the centre resistance 
of a half-wave dipole. 


Fig. 15. Current and Voltage 
Distribution in Half-wave Dipole 


With a further extension of the conductor the impedance will become 
inductive and the resistance will increase. Parallel resonance will take place 
at half-wavelength and the resistance presented to the generator will be a 
maximum. With a still greater extension of the conductor, the impedance 
again becomes capacitive, series resonance again taking place at approxi- 
mately three-quarters of a wavelength. Thus when the conductor length 
is an odd multiple of a quarter-wavelength series resonance will take place 
and the resistance will be low; at even multiples, parallel resonance will 
occur and the resistance presented will be high. The reactance will change 
sign at each quarter-wave when the impedance is purely resistive. The 
reactance at these quarter-wave points may be regarded as either an infinite 
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parallel value or a zero series value. If the length of conductor is fixed and 
the frequency is changed, the impedance will obviously vary in a similar 
manner, according to the fraction of a wavelength the conductor happens to 
be at the different applied frequencies. 

The resistive component of the impedance presented to the generator 
includes radiation and loss resistance, and it is obviously desirable that the 
latter should be kept as low as possible. In addition to the provision of a 
low-resistance conductor, the earth connection of the r.f. generator is part 
of the radiator circuit and its impedance should be kept as low as possible. 
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Fig. 16. Resistance and Reactance Curves for a Unipole 


The impedance/frequency characteristic of a radiator whose length is 
approximately a quarter-wavelength is similar to that of a series tuned circuit 
about the resonant frequency (see Fig. 16) but the resistive component of the 
aerial impedance (which is mainly radiation resistance) generally varies to a 
greater extent. It will be seen that the impedance varies considerably 
even with a slight change of frequency. 

For television and f.m. transmission it is highly desirable that the 
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impedance presented by the radiator (or aerial) should be constant over a 
wide frequency band, and particularly so if the aerial is to be used for different 
carrier frequencies in the same wave band. 

To reduce the variation of impedance with change of frequency 
near the point of resonance, the aerial may be made less selective by increasing 
the diameter of the conductor or by paralleling several conductors in the 
form of a cage; this has the effect of reducing the L/C ratio of the resonant 
circuit. A further increase of bandwidth may be obtained by folding the 
aerial in the form of a ‘ folded dipole.’ 


The Folded Unipole and Folded Dipole 
In the explanation of the operation of the folded unipole, comparisons 

will be made between the following diagrams in Fig. 17 :— 

(a) Quarter wave untpole. The only opposition to current flow at reson- 
ance is the radiation resistance Rr which is approximately 35 ohms. 
If radiation is prevented e.g. by screening, then R, will fall to zero. 
Power radiated = Jrms. Rr. 

(b) Twin-wire unipole. Rr is substantially unaltered. If symmetrical, 
exactly half the total current I will flow in each branch. The 
impedance/frequency bandwidth is increased by the reduction of Zo 
(due to effective thickening of the radiator). 

(c) Folded unipole (of similar dimensions to b) The two branches are 
identical excepting for the fact that the lett nand branch is driven by 
the generator. The right hand branch is driven by the common 
connection with the left hand branch at the distant end. The system 
is unbalanced and the distant end will vary in potential due to the 
push-push currents flowing from the generator and earth. 

These currents give rise to radiation and the opposition to this 
mode of current flow is the radiation resistance Rr, which is approxi- 
mately the same for all three cases, i.e. (a), (b) and (c). The effective 
Rr is about 35 ohms, but the generator only supplies half the total 
current to the two branches. The generator supplies alf the radiated 
power however, and therefore the resistance presented to it (Rr) is 
four times Rr, i.e. is about 140 ohms. This is shown as follows:— 


Total current = I 
Total effective radiation resistance = Rr 
(1/2)2.Re = I*.Rr 

Therefore Rr = 4 Rr = approx. 140 ohms. 


This means that to produce the same J as in case (b) twice the voltage 
is necessary, i.e. the generator supplies half the current at twice the 
voltage. 
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In the same way that the conductance at resonance is quartered by 
folding so also, off resonance, is the susceptance slope quartered. Of 
itself the quartering of the susceptance (B) slope does not increase the 
bandwidth, for the conductance (G) is also quartered, and it is the ratio 
conductance/susceptance that ultimately decides the admittance band- 
width. . 

To assist in the explanation of push-push currents flowing in the case 
of the folded unipole, Fig. (d) is drawn, showing a short circuited 4/2 
feeder with positions of Imax and Imin as shown. 
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Fig. 17 Diagrams showing the development of the folded unipole. 


On each side of Imin the currents are in antiphase with respect to each 
other. The system does not radiate due to antiphase currents and 
proximity to earth. The Jmin position is also a Vmax point. 


Imagine that the Jmin point is pulled upwards away from earth until 
condition (c) results, then the same current distribution in (d) will produce 
the radiation currents of case (c). The Vmax point (at Imin) is with respect 
to earth as before. 

An additional new Vmax has been created because the generator output 
voltage is not now zero (for it is feeding ifito 140 ohms due to radiation 
instead of zero ohms due to the 4/2 short circuited feeder) and thus, 
simply as a A/4 short circuited feeder, Vmax occurs with Jmin at the 
generator terminals with Vmin amd Imax at the short circuit a quarter 
wavelength away. 
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Thus there are two modes of current flow on the folded unipole, (1) as 
a radiator with Imax at the base, and (2) as a 4/4 stub with Jmax (shown as 
loop current in the diagram) at the distant short circuit 

At resonance the impedance as a A/4 stub is high and little effeot is 
produced, but off resonance the reactive currents of the two modes are in 
antiphase and tend to cancel. In fact, with the correct- choice of 
characteristic impedance as a short circuited stub, the currents may cancel 
over a fairly wide frequency range producing an input impedance which is 
practically a pure resistance. 
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Fig. 18 (a) Diagram showing susceptance correction and change of conductance 
due to folding. 
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Fig. 18 (b) Diagram showing the developnient of the folded dipole. 


In general, to provide effective susceptance correction, the characteris- 
tic impedance as a stub must be low, and this Jeads to the use of strip metal 
for the folded unipole. Simple wire construction does not increase the 
bandwidth appreciably in comparison with the same device fed as a 
multi-wire aerial (i.e. without folding). 

Capacitance at the feed point due to insulators or ice shields increases 
the effective length as a stub and this may be counteracted by placing an 
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additional short circuit across the ‘stub a little way from the end short 
circuit. 

A variation of the resistance presented to the generator may be 
obtained by changing the ratio of the thickness of the two branches of the 
folded unipole so that the radiation currents are unequal; for example, 
let the radiation current in the driven branch equal twice the radiation 
current in the earthed branch. 


(1.2/3)?.Re = I?.Rr (total current in the two branches = J, as before) 
4/9. Re = Rr 


Re = 9/4.Rr = 79 ohms approx. 


Fig. 19. (a) Half-wavelength 
Section of Two-wire Transmission 
Line, Short-circuited at Both Ends, 
(b) Half-wavelength Slot, showing 
Current Circulation, Magnetic 
Field and Electric Charges 


The folded unipole is unbalanced in its connection. Two folded 
unipoles in series form a folded dipole which is balanced. See Fig. 18(b). 

The centre point of the branch not directly connected to the generator 
may be taken to earth or not as desired. The impedance presented to the 
generator at any frequency is just twice that of the folded unipole. 


Slot Radiators 


In Fig. 19(a) a half-wavelength section of two-wire line is shown, short 
circuited at both ends. This is equivalent to two quarter-wavelength 
short-circuited lines in parallel and the impedance presented at the centre 
tap is very high indeed. Provided the circuit is balanced with respect to 
earth, it will not radiate for the electric and magnetic fields will be concen- 
trated between and around the conductors as shown. 
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Let us now consider the effect of extending indefinitely the width of the 
conductors, in one plane only, until the half-wavelength line becomes a half- 
wavelength slot in a very large conducting sheet, the width of the slot being 
small in comparison with its length. The current will flow around the ends 
of the slot. See Fig. 19(b). The magnetic field can no longer surround 
the current path, however, for this would necessitate the magnetic lines 
of force entering the surface of the conducting sheet, giving rise to opposing 
currents and cancelling the magnetic field in that direction. Lines of magnetic 
force, therefore, due to current Howing around the upper end of the slot will 

link up with the lines of force due to 
the current flowing around the lower end, 
and this results in an expanded magnetic 
field. See Fig. 20. 

The electric field, instead of being con- 
centrated in the vicinity of the feed points 
will spread across the sheet of metal hori- 
zontally. Radiation will now take place. 
The polarisation as defined by the direction 
of the electric field will be at right angles 
to the length of the slot, and the resistance 
presented at the feed point will fall from 
some very high value to one of the order 
of 500 ohms. When the slot length is 
approximately half a wavelength the impe- 
dance presented is a pure resistance and 
the slot may be considered as resonant. 
Above resonance the impedance presented 
will be capacitive and below resonance it 

Fig. 20. Magnetic Field of will be inductive, as would be expected 
Half-wavelength Slot, Viewed from comparison with the half-wavelength 
through Section of Sheet line. 

The horizontal polar diagram of a 
vertical slot in an infinite sheet of metal is a complete circle; a sheet 
of finite width reduces the field along the surface as shown in Fig. 21. The 
vertical polar diagram is somewhat sharper than that of a vertical wire 
dipole. 

There is a relation between a slot radiator and the dipole formed by the 
strip of metal cut out of the slot. The relation between their impedances 
is as follows :— 

377? 


Zs Zstrip = TT 


The impedance of the strip dipole, Zsip, will be approximately 70 ohms 
and will not vary appreciably with change of cross section. Therefore, the 
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impedance of the equivalent slot, Zstoe 


377? 


ix = 500 ohms 


Thus, within limits, Zs: does not vary appreciably with slot width. 


(a) (b) 


Fig. 21. (a) Horizontal Polar Diagram of a Vertical Slot in an Infinite Sheet of 
Metal, (b) Horizontal Polar Diagram of a Vertical Slot in a Finite Sheet of Metal 


The impedance/frequency bandwidth of the slot is comparable with that 
of the equivalent strip dipole and, therefore, the bandwidth increases with 
slot width. If only the edge of the slot is thickened, the electric field is con- 
centrated to some extent, with consequent reduction of radiation conductance, 
ie., the radiation resistance and the impedance 
presented are increased. 

Radiation may be confined to one side 
only of the metal sheet by enclosing the slot 
on one side with a metal box or cage, as shown 
in Fig. 22 (not drawn to scale). The radiation 
conductance will be decreased considerably and 
if the marked dimension of the box is a quarter- 
wavelength the resistance presented is of the 
order of 800 ohms. For box dimensions less than 
a quarter-wavelength, an increase of slot length 
is necessary to maintain resonance. This is 
because the box acts as an inductance loading 
the slot. 

An extension of the principles of the boxed 
Fig. 22. Boxed Slot slot is found with a slot cut in the wall of a 
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cylinder as shown in Fig. 23. If the diameter of the cylinder is a 
quarter-wavelength the horizontal polar diagram is more or less heart- 
shaped, but if the diameter is reduced to something approaching a tenth of 

a wavelength, horizontal radiation is substantially omni-directional. 
Reduction of the diameter of the cylinder, however, must be accom- 
panied by an increase in the length of the slot to maintain resonance and this 
is a limiting factor. For example, looking into a slot in a cylinder of small 
diameter, the slot, as a line, is loaded by the inductance of the cylinder 
(being less than a quarter-wavelength in diameter) 


behind it, the length of the slot, therefore, must be 
greater than a half-wavelength for resonance. See 
Fig. 24. 


In order to sharpen the vertical polar diagram, 
stacks of slots may be used in the same way as 
stacked dipoles in an array, the distance between the 
centres of the slots being usually of the order of one 
wavelength. 

If the cylinder diameter necessary to produce an 
omnidirectional horizontal polar diagram is incon- 

Me veniently small (as it might well be with a stack of 
slots) an almost circular horizontal field pattern may 
be obtained by the use of a cylinder of larger diameter 
and an increased number of slots at each level, equally 
spaced. 

Increase of diameter is limited by waveguide- 

resonance effects in the cylinder, which prevent the 

Roc slot being driven in the required manner, resulting in a 

deterioration of the polar diagram in the appearance 
of minor lobes of radiation. In general, it will be 


FUR a saree Ue necessary to ‘box in’ each slot to prevent the wave- 


in the Wall of a 


Cylinder of Dia- guide resonance effect mentioned above. The ‘ boxing 
meter equal to a in’ may be skeletonised and may take the form of 
Quarter —_ wave- horizontal conducting bars behind each vertical slot. 

length The slot length correction necessary for resonance is 


less with a skeletonised box than with a continuous 

metal box for a given distance (less than a quarter- 
wave) between slot and box; this is to be expected considering the reduc- 
tion of inductive loading. Fig. 25 shows a unit of four slots in a cylinder. 
If several of these units are stacked vertically, a high degree of. vertical 
directivity may be achieved. 
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Fig. 24. (a) Lumped Capacitance is Equivalent to extra Line Length, (b) Lumped 
Inductance requires extra Line Length for Resonance, (c) Slot cut in the Wall of a 
Cylinder of Diameter less than a Quarter-wavelength 


Fig. 25. Unit of Four Slots in a Cylinder 


FOLDED SLOT RADIATORS 


Folded Slot Radiators 

In order to increase the impedance/frequency bandwidth, a slot may be 
folded, to provide reactance correction, in a manner similar to that of the 
folded dipole. See Fig. 26(a). 

The folded slot is fed between one side of the slot and the central 
conducting strip. Consider the folded slot as a symmetrical arrangement 
with three terminals, 1 and 3, each side of the slot, and 2 on the central 
conductor. It is to be expected that the impedance between terminals 1 
and 2 will be the same as between 2 and 3. The equivalent circuit is shown 
in Fig. 26(b) and consists of three impedances, x, y and z connected in the 
manner shown. 


(b) 
Fig. 26. (a) Folded Slot, (b) Equivalent impedances 


By reason of symmetry x = z. 


LetZ, = x + z = 2x = the impedance between terminals 1 and 3. 


the impedance between terminals 2 and terminals 


x 
Pete ig! aang 3 shorted together. 


andZ = x+y = the impedance between terminals 1 and 2 or 2 and 3. 
Z 
From the above, x = i 
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x Zz; 
Le Z Le 
therefore = 3+2- ri = 7t% 


From this it follows that the impedance between one side of the slot | 
and the central conductor is equal to the sum of a quarter of the impedance 
across the whole slot and the impedance between the central conductor and 
the two sides when these are shorted together. This latter impedance is a 
pure reactance and is due to the slot and the central conductor acting as an 
open-circuited feeder ; at resonance this series reactance will be zero. The 
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Fig. 27. Folded Slot, Reactance and Resistance, Plotted against Frequency 


two halves of the central conductor are, therefore, in parallel and at reson- 
ance the removal of one half will have no effect ; off resonance the slope 
of the series reactance change will be increased and we shall see later that 
this is a desirable feature. 

At resonance the impedance Z = a = 125 ohms approximately. 
The reactance change off resonance presented by a normally-fed slot will 
be similar to that of a parallel-tuned circuit, i.e., a negative slope with 
increase of frequency ; but due to feeding the slot by means of the central 
conductor (the series reactance Z, having a positive slope), the reactance 
component of the impedance presented can be made zero over a considerable 
frequency band, resulting in a wideband aerial. See. Fig. 27. The slot and 
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compensating reactances must be zero at the same frequency but this will 
not necessarily be the frequency at which maximum resistance occurs. 

It is found in practice that the reactance slope of the feeder, formed by 
the central conductor and the slot, is insufficiently high to provide complete 
correction and the reduction of the cross-sectional area of the central 
conductor, in order to obtain a high characteristic impedance, and conse- 
quently a high reactance slope, leads to an impracticably thin conductor. 

A method of obtaining the required high-reactance slope is to terminate 
the central conductor by a further quarter-wave short-circuited section of 
line of low characteristic impedance, as shown in Fig. 28. The reactance 
slope of a compound section of line is discussed in the Appendix. 


Go aera ~~ s 


Fig. 28. Folded Slot, with Quarter- 
wave Short-circuited Stub 
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The folded slot may be driven by means of a concentric line of appro- 
priate characteristic impedance, the inner conductor of the line being con- 
nected to the central conductor of the slot. The outer conductor must be 
connected to one edge of the slot at its centre and must run along the surface 
of the metal until a neutral point is reached. Alternatively, a single con- 
ductor may be connected to the central conductor of the slot and an un- 
balanced feeder may be formed by the single conductor and the metal sheet 
in which the slot is cut. 
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The removal of one half of the central conductor has the advantage 
of doubling the reactance slope and obviates the necessity for symmetry 
between the two halves of the central conductor ; also only one terminating 
short-circuited line is required. There is a greater tendency for a small 
amount of power to be radiated by the central conductor when one half 
only is used but this effect is not considered to be very important. 

The slot aerial is particularly useful when horizontal polarisation is 
required, for it may be built into the structure of a mast with no protruding 
elements. The actual slots may be filled in with a low-loss non-conductor 
to reduce windage effects and difficulties due to icing. 


APPENDIX 


The reactance slope of a compound short-circuited line comprising 
two quarter-wave sections of different Z, in series. 


The two lengths of line shown in Fig. 29 are equal ; let us call the length 
of each @. 

At the resonant frequency (i.e., when 6 = 90°) X = 0, for the line of 
characteristic impedance Z, is terminated by an infinite impedance due to 


+ 6 ++ 9 —__- 


ir aa eer Fig. 29. Compound Short-circuited Line 
re 2 nz 


° ' comprising two Quarter-wave Sections of 


peeeete eos = different Z. in Series 


the line of characteristic impedance ” Z,, where m is less than unity. At 
any frequency 
jnZ, tan 6 + 9Z, tan @ 
K = Z,/ Z,—nZ, tan? 6 
this is obtained from equation (1), page 9, by substituting 7mZ, tan @ for Z,. 
Simplifying, 
x = jZo tan 6 (n + 1) 
~ L—n tan?6 


Zo (n + 1) 
cot 6 — n tan @ 


Differentiating to find the reactance change with change of electrical length, 


aX _— jZo(n + 1) (+ cosec? 6 + nm sec? 8) 
do (cot @ — » tan 6)? 
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Multiply the right-hand expression by 


cos26 sin26 eee a 
cos?@ sin?2@ Se ern ny. 


and we have 
dX jZo (n + 1) (cos?6 + mn sin6) 


do (cos?@ — n sin?6)? 


For small variations of @ from 90° (i.e. from quarter-wave resonance) cos? 6 
is very small in comparison with sin?@ and may be neglected, 


therefore 
aX - qLo(n a1) ma mal ;) 


d6°~—<“‘<iésRSNZO~=—S—S—CS 2G nee n 


aX 
from which it may be seen that if ” is made small 7 will be large. 


Compare this result with the reactance slope of an open-circuited line un- 


terminated. When X = — 7Z, cot 0 
aX  —jlo  _—— jho 
dé —sin?@ ~~ sin®@ 


From this it follows that the reactance slope of the compound line will be 


1 
increased by a factor (1 + ) 


characteristic impedance of s/c section 


Where 1) = 
characteristic impedance of o/c section 
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